Cadmium ranging from 1 -8 ng could be coprecipitated quantitatively with lanthanum phosphate at pH 5 -6 from up to 200 mL of river water samples spiked with 5 µg of indium as an internal standard. Cadmium and indium coprecipitated were measured by using electrothermal atomic absorption spectrometry. The cadmium content in the original sample solution could be determined by internal standardization with indium. Since complete collection of the precipitate and strict adjustment of the volume of the final solution after coprecipitation are not required in this method, the precipitate could be collected by using decantation and centrifugation, and then dissolved with 1 mL of about 2.4 mol L -1 nitric acid. The proposed method is simple and rapid, and enrichment close to 200-times can be attained; the detection limit (3σ, n = 6) was 0.63 ng L -1 in 200 mL of the sample solution.
Introduction
Coprecipitation is widely used for the preconcentration of trace cadmium prior to electrothermal atomic absorption spectrometry. Various coprecipitants have been proposed: hydroxides of iron(III), 1 hafnium, 2 and indium, 3-6 tetramethylenedithiocarbamate of iron(III), 1 pyrrolidinedithiocarbamates of cobalt, 7 copper, 8, 9 and iron(III), 8, 9 and diethyldithiocarbamates of zinc, 10, 11 nickel, 12 and bismuth. 13 For the determination of cadmium in environmental water, including river water, more than 50-times enrichment is frequently required 1, 3, 5, 7, 12, 13 because of a very low cadmium content in the water sample. 14 Although a large volume of the water sample is often used for coprecipitation to achieve a high enrichment, complete collection of the precipitate is a tedious operation and time-consuming. Although the volume of the final solution after coprecipitation is also minimized for high enrichment, a rigorous adjustment to a small volume is sometimes difficult.
We have proposed a rapid coprecipitation technique [15] [16] [17] [18] to simplify the operation in coprecipitation. In this technique, a known amount of the carrier element is used for the coprecipitation of the desired metal; the amounts of the coprecipitated metal and the carrier element in the final solution are then determined. The content of the desired metal in the original sample solution can be calculated based on the ratio of the added amount of the carrier element to the amount of the carrier element in the final solution. Therefore, the rapid coprecipitation technique does not require complete collection of the precipitate and strict adjustment of the final solution volume. The coprecipitant used for this technique has to satisfy the following requirements: 15-17 1) negligible content of the carrier element in original sample solution, 2) quantitative precipitation of the carrier element, 3) homogeneous distribution of the desired metal over the whole precipitate after coprecipitation, and 4) easy determination of the carrier element as well as the desired metal. Although the requirements, especially 1) and 4), restricted the carrier element used in the rapid coprecipitation technique, this problem could be solved by applying internal standardization. 18 When the internal standard, which can fill requirements 1) -4) instead of the carrier element, was used, the coprecipitant did not need to satisfy the requirements.
In this work, we found that the rapid coprecipitation technique with lanthanum phosphate using the internal standardization 18 was useful for the preconcentration of cadmium in an electrothermal atomic absorption spectrometric determination; the cadmium content in the original sample solution could be determined by coprecipitation with lanthanum phosphate 19 in a sample solution spiked with indium as the internal standard and measurements of both the cadmium and indium in the final solution using electrothermal atomic absorption spectrometry. The proposed method is simple and rapid, and enrichment close to 200-times can be readily attained. This paper describes the fundamental conditions for the preconcentration of cadmium and results for the determination of cadmium in river water.
Experimental

Apparatus
A Hitachi 180-80 polarized Zeeman atomic absorption spectrophotometer with a cadmium or indium hollow-cathode lamp (Hitachi) was used for measurements. As a graphite furnace, a tube-type cuvette impregnated with hafnium 20 was used. The injection of the sample solution was carried out using an Eppendorf micropipette (Reference 4910, 10 -100 µL). All of the other apparatus employed have been described previously. 18 
Reagents
Water used for all of the experiments was purified by distillation and ion exchange, and then passed through a Millipore Milli-Q purification system. A lanthanum solution (5 g L -1 ) was prepared by dissolving lanthanum(III) oxide (99.99%, Nacalai Tesque) in 50 mL of concentrated nitric acid (for poisonous metal analysis, Kanto Chemicals) and diluting to 1000 mL with Milli-Q water. Commercially available 1000 mg L -1 cadmium and indium solutions (Kanto Chemicals) were used for the standard solutions of these metals. All of the other reagents used were of guaranteed reagent grade.
Recommended procedure
To a sample solution (up to 200 mL) containing 1 -8 ng of cadmium, 2 mL of the lanthanum solution, 3 mL of 0.5 mol L ammonia solutions. After the formed precipitate had settled, the supernatant solution is discarded by decantation. The precipitate remaining in the solution (about 50 mL) is centrifuged at 3500 rpm for 10 min and then dissolved with 1 mL of about 2.4 mol L -1 nitric acid. The atomic absorbances of cadmium and indium are consecutively measured under the operating conditions shown in Table 1 . Since the rate of the atomic absorbance of cadmium to that of indium is proportional to the amount of cadmium in the initial sample solution, the content of cadmium in the original sample solution can be determined by using the internal standardization with indium. A blank, using the Milli-Q water as a sample, is also measured.
Results and Discussion
Optimum conditions for preconcentration of cadmium
Some conditions were optimized for the quantitative coprecipitation of cadmium.
In this investigation, the precipitate was filtered by suction using a membrane filter (Nihon Millipore, Omnipore membrane, pore size 0.2 µm); the collected precipitate was dissolved with about 8 mol L -1 nitric acid and then diluted to 10 mL with Milli-Q water. When coprecipitation was carried out using Milli-Q water spiked with 50 ng of cadmium, the cadmium was quantitatively collected with lanthanum phosphate over a wide pH range (Fig. 1) . The cadmium was also recovered almost completely from the spiked river water sample at a pH of more than about 4, whereas the recovery decreased with decreasing pH below 4. From these results, the solution pH was adjusted to 5 -6 in further experiments.
The required amount of lanthanum and phosphoric acid were more than 1 mg and 0.1 × 10 -3 mol in 200 mL of the sample solution, respectively. Indium, which was used as the internal standard, could also be quantitatively collected from the spiked river water samples under the conditions for the coprecipitation of cadmium (Fig. 1) . Indium could satisfy all of the requirements for the internal standard in the rapid coprecipitation technique; indium could be readily determined by using electrothermal atomic absorption spectrometry and was not detected in all of the river water samples used in this work under the conditions for the measurement.
The collection and dissolution of the precipitate were then investigated. For dissolution of the precipitate, nitric acid was chosen because of the small influence on the atomic absorbance of cadmium; 2 almost a constant atomic absorbance was obtained over a wide acid-concentration range of 0.8 -3.2 mol L -1 in the final solution. A centrifugation using a 50 mL centrifuge tube or a Nalgene 175 mL polystyrene conical centrifuge bottle at 3500 rpm for 10 min was conveniently utilized for collecting the precipitate 17, 18 after the supernatant solution was discarded by decantation.
The precipitate could not be collected quantitatively in this procedure. In the rapid coprecipitation technique, the determination of the carrier element in the final solution is required instead of complete collection of the precipitate. Although the lanthanum used as the carrier element in this method was difficult to determine by electrothermal atomic absorption spectrometry, the amount of lanthanum in the final solution could be estimated by measuring the indium used as the internal standard. 18 The collected precipitate could be readily dissolved by using 1 mL of more than 2.4 mol L -1 nitric acid. The volume of the final solution dissolving the precipitate was varied around slightly exceeding 1 mL, since the supernatant solution could not be completely discarded after centrifugation. In the proposed method, however, it was not necessary to adjust the volume of the final solution strictly because the variation in the final volume was corrected by the internal standardization. Hence, the processes of collection and dissolution of the precipitate were extremely simple and rapid.
Calibration curve
The relation between the ratio of the atomic absorbance of cadmium to that of indium and the concentration of cadmium in 1062 ANALYTICAL SCIENCES JULY 2003, VOL. 19 Fig. 1 Effect of the pH on the recoveries of 50 ng cadmium ( , ) and 100 µg of indium ( , ) from 50 mL of the spiked Milli-Q water ( , ) and the spiked river water ( , ) samples by using 10 mg of lanthanum and 3 mL of 0.5 mol L -1 of phosphoric acid. The river water was sampled around Arisawa-bashi in Jinzu river. 200 mL of the initial sample solution was investigated. A straight line was obtained over the concentration range of 5 -40 ng L -1 in the initial sample solution. This result suggests that the coprecipitation behavior of indium as the internal standard is the same as that of cadmium. The detection limit, defined as 3-times the standard deviation obtained from six replicate determinations of the blank, was 0.63 ng L -1 in the initial sample solution.
Interference
The influence of 17 diverse ions on the determination of 5 ng of cadmium was examined using 100 mL of the sample solution. When a normal graphite cuvette was used for the measurement, the presence of some diverse ions, such as magnesium and calcium, affected the atomic absorbance of indium, and resulted in interference with the determination of cadmium. However, the influence for the indium absorbance was effectively improved by using a graphite cuvette impregnated with hafnium. 20, 21 As shown in Table 2 , cadmium could be recovered within 10% error in the presence of a large amount of magnesium and calcium. The other ions tested did not cause any serious interferences in the determination, even in the presence of 2000-times the amount of cadmium.
As shown in Fig. 1 , the recovery of cadmium from a spiked river water sample at a pH below 4 was lower than that from the Milli-Q water spiked with cadmium. For this point, a fundamental investigation was carried out using inductively coupled plasma atomic emission spectrometry. When 10 µg of cadmium was coprecipitated in 100 mL of a sample solution containing 0 -25 mg L -1 of calcium using 10 mg of lanthanum and 3 mL of 0.5 mol L -1 phosphoric acid at pH about 3, the recovery of cadmium gradually decreased with increasing the amount of calcium; 27.6% of cadmium was recovered from a solution containing 25 mg L -1 of calcium. From these results, the decrease in the cadmium recovery from river water at pH below 4 would be due to the presence of calcium. Further studies are required to clarify the mechanism concerning the influence of calcium.
Recovery of cadmium from spiked river water samples
The utility of this method was evaluated by investigating the recovery of cadmium from river water samples spiked with cadmium according to the recommended procedure. The sample was filtered through a membrane filter (Nihon Millipore, pore size 0.45 µm) as soon as possible after sampling. The obtained results are given in Table 3 . It appears that the proposed method is applicable to the analysis of river water samples. The relative standard deviation would be improved by using an auto-sampler for the electrothermal atomic absorption spectrometric measurements.
Determination of cadmium in river water
Based on the results mentioned above, the determination of cadmium in river water (Jinzu river system, located in Toyama and Gifu prefectures, Japan) was tried. The sampling points and the obtained results are shown in Fig. 2 and The coprecipitation was carried out from about 100 mL of a solution at pH 5 -6. a. The errors are within ±10%. The river water was sampled around Arisawa-bashi in Jinzu river. a. n = 6. RSD: Relative standard deviation. No.
The results obtained are the average of duplicate determinations. The sample volume taken was 200 mL. a. n = 5. b. Ten milliliters of river water samples were used. RSD: Relative standard deviation.
-: Not measured.
